KLinsen

OBM Gel‘iatl‘iCS LIDSEN Publishing Inc.

Review

A Narrative Review of the Evidence Supporting Nutritional
Supplementation for Better Muscle Health in Older Adults

Harnish P Patel ¥ 23", Faidra Laskou ¥ 2, Elaine M Dennison % *

1. MRC Lifecourse Epidemiology Centre, University of Southampton, UK; E-Mails:
hp@mrc.soton.ac.uk; F.Laskou@soton.ac.uk; emd@mrc.soton.ac.uk; ORCID: 0000-0002-0081-
1802

2. NIHR Biomedical Research Centre, University Hospital Southampton, UK

3. Academic Geriatric Medicine, University of Southampton, UK

4. Victoria University of Wellington, New Zealand

* Correspondence: Harnish P Patel; E-Mail: hp@mrc.soton.ac.uk; ORCID: 0000-0002-0081-1802

Academic Editor: Junaith S. Mohamed

Special Issue: Skeletal Muscle Atrophy, Growth and Repair in Different Disease and Disorder
Settings

OBM Geriatrics Received: February 15, 2024

2025, volume 9, issue 1 Accepted: January 16, 2025

doi:10.21926/obm.geriatr.2501296 Published: January 23, 2025
Abstract

Sarcopenia is characterised by progressive and generalised decline in muscle strength,
function, and muscle mass. Now recognised as a muscle disease, it is highly prevalent in older
adults, with estimates of up to 30% in some populations. Sarcopenia has a complex
multifactorial aetiology, including cellular and molecular changes, chronic disease, lower
physical activity as well as nutritional deficiency. Sarcopenia is associated with a range of
adverse physical and metabolic outcomes leading to disability, morbidity, impaired quality of
life and mortality. Given the demographic shifts in the population, there is an urgent need to
improve skeletal muscle health in older adults. Unfortunately, there are no pharmacologic
therapies suitable for widespread use currently. In this short review, we discuss the existing
literature reporting the benefits of various options for nutritional supplementation in older
sarcopenic participants or healthy older adults. Several systematic reviews have been
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undertaken on this topic with some key findings. In general, supplementation is more effective
in combination with resistance exercise. The research literature supports protein and vitamin
D supplementation in individuals who are insufficient. There is also evidence in support of
supplementation with creatine, leucine with vitamin D, whey supplements and combinations
of creatine, whey and leucine. Probiotics may also be beneficial. Further well conducted and
standardised research trials are required.
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1. Introduction

Over the coming years, the number of people over the age of 65 is projected to increase
substantially. By 2050, 2 billion people will be over 60 years of age, up from 1 billion in 2020
according to the World Health Organization (WHO) [1]. This increase is occurring at an
unprecedented pace and will accelerate in coming decades, particularly in developing countries.
The occurrence of musculoskeletal health disorders such as sarcopenia will also increase
commensurate with population ageing.

Sarcopenia is characterised by progressive and generalised decline in muscle strength, function
and muscle mass with increasing age or secondary to disease [2] (Figure 1). It is associated with a
range of adverse physical and metabolic outcomes leading to disability, morbidity, impaired quality
of life and mortality [3, 4] and has also been identified as a predictor of fracture risk [5]. In terms of
cost, sarcopenia incurred an estimated $18.5 billion in health care costs to the USA in 2000 [6]. In
the UK, a report in 2019 calculated that the annual excess cost associated with muscle weakness
was estimated to be £2.5 billion [7]. Although commonly associated with the ageing process, the
development of sarcopenia is recognized to begin earlier in life encompassing muscle generation in
utero and growth during child- and adulthood [8]. Muscle fibre size and function is determined by
muscle use during physical activity, nutrient availability, and the action of both hormones and
growth factors that affect myogenesis-related genes. Muscle mass, and strength increase during
childhood and adolescence then remain relatively constant in early adulthood until the start of
decline from the late 40 s. The resulting health of muscle in older age is therefore a function of the
‘peak’ attained in early life and the extrinsic and intrinsic changes operating through middle years
into old age [8, 9].
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Figure 1 Anatomy of healthy skeletal muscle in comparison to sarcopenic skeletal muscle.
Skeletal muscle is composed of many bundles of muscle fibres called fascicles. Fascicles
are made up of many individual muscle fibres. Muscle fibres consist of many myofibrils
enclosed around a sarcolemma (muscle cell membrane). Myofibrils contain actin and
myosin myofilaments. Cellular changes in skeletal muscle in sarcopenia include atrophy
of type Il myofibers, decrease in fibre size, denervation, decrease in number and
function of satellite cells as well as reduction and impaired function of the mitochondrial
population. Age related changes in muscle composition and deposition of intermuscular
adipose tissue may explain why muscle strength declines more than muscle mass with
age.

Several varying definitions of sarcopenia have contributed to differences in prevalence estimates
worldwide, ranging from 3-30% [3, 10-12]. Currently, a global definition for sarcopenia does not
exist but whilst waiting for consensus from the Global Leadership in Sarcopenia (GLIS) consortium
[13], several well-constructed diagnostic algorithms provide a mechanism for clinical case finding
[3]. Given the demographic changes that are occurring and the personal and societal costs of
sarcopenia, there is an urgent need to prevent and reverse decline in muscle health in older adults.
Many nutrients are known to affect muscle health [14-18], and it therefore seems reasonable to
consider their role in maintenance skeletal muscle function. The purpose of this review is to describe
up to date evidence and identify nutritional or multimodal interventions that can ameliorate the
declines in muscle strength and mass, as well as augment muscle protein synthesis in older adults.
Searches up to November 2024, were conducted in PubMed and Cochrane databases using medical
subject headings and search terms including sarcopenia, muscle protein synthesis, nutritional
supplementation, muscle strength, muscle mass. Searches were restricted to human studies
reported in English language. Emphasis was placed on randomised controlled trials (RCT), systematic
reviews and meta-analyses, scoping reviews or umbrella reviews of meta-analyses. An overview of
identified intervention strategies to improve muscle function and performance is shown in Figure 2.
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Figure 2 Intervention strategies for sarcopenia. This scheme dictates that adoption of
dietary and lifestyle changes including physical activity are beneficial for ameliorating
the decline in skeletal muscle strength, function and mass.

2. Non-Pharmacological Management: The Role of Adjunctive Exercise

Before a discussion of nutritional supplementation, it is important to address the contribution of
resistance exercise to muscle health. Exercise interventions have been shown to be effective in
improving muscle strength and function. For example, in a systematic review and meta-analysis of
23 studies involving 1252 participants, resistance as well as multicomponent exercise interventions
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were associated with improved grip strength, knee extension strength, walking speed, general
mobility and increase in muscle mass of the lower extremities in older people with sarcopenia [19].
However, safely executing resistance training (RT) can be challenging for older people but clearer
guidelines for safely implementing a RT programme in older people have been proposed. For
example, Hurst et al. recommend a programme consisting of two sessions a week involving a
combination of upper and lower limb resistance exercise with a high degree of effort [20].
Randomised controlled trials (RCTs) have used nutritional supplementation such as protein,
creatinine, essential amino acids, B-hydroxy-B-methylbutyrate and vitamin D in combination with
exercise and have shown a modest but positive impact on muscle mass and function with greater
benefits on physical performance in adults over the age of 60 [21] as well as demonstrating the
efficacy of progressive resistance exercise to stimulate muscle protein synthesis [22, 23]. Low
repetition, light load power training was also associated with improved knee extensor strength over
the course of 6 weeks in a small study of postmenopausal women with sarcopenia [24]. A previous
systematic review showed that chronic resistance training is safe and effective in improving muscle
mass, strength, and quality but not physical performance [25]. In terms of the type and timing of
supplementation, a recent network meta-analysis of 116 trials, comprising 4711 adult participants
showed that milk, mixed (protein blends that contain animal and plant-based sources of protein) or
animal based protein ingested after exercise appears to be more beneficial in improving muscle
strength and mass than placebo alone [26]. Ultimately, there is support for the additive effects of
nutritional supplementation to enhance the effects of RT on muscle function in older adults
compared with nutritional supplementation exclusively. However, given the heterogeneity of
results from RCTs, any intervention will need to be tailored to the intended population to realise
the full benefits of this combination [27-30].

2.1 General Nutritional Supplementation

One nutritional approach commonly focuses on Vitamin D, calcium, and protein intake. Despite
the lack of information regarding the intake of high-quality protein in older individuals, it has been
suggested that adequate intake should be ensured based on the recognition that intake of protein
in older people remains low, especially in situations of stress during intercurrent illness. Higher
protein intake has been shown to be protective against the decline in physical function in older
individuals, including those with a previously sufficient protein intake, independent of physical
activity [31] and indeed protein supplementation above the recommended daily amount in
combination with resistance exercise or endurance type exercises has been advised by some groups.
For example, high quality-protein intake to 1-1.2 g/kg/day by food or supplementation [32, 33]. This
combination has demonstrated increase in muscle mass, muscle strength, balance and functional
capacity [23, 34].

Perhaps the most considered nutrient for musculoskeletal health is vitamin D. Low level of
vitamin D is commonly found in sarcopenic individuals [16-18] and is likely to contribute to muscle
weakness and increased risk of falls and hence maintenance of adequate circulating vitamin D level,
either through sunlight exposure or dietary intake is important. An adequate vitamin D status is
associated with better muscle mass and function [35], and reduced number of falls in
postmenopausal women [36], so attention to vitamin D status is important in this context. Vitamin
K is also essential for the effective function of proteins but a recent review of the role of vitamin K
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in muscle health highlighted methodological differences in research studies making meaningful
conclusions difficult to draw [14].

A recent systematic review considered the benefits of exercise in combination with protein
supplementation, with additional vitamin supplementation on muscle parameters in older men with
sarcopenia [37]. Taken together, researchers highlighted the benefits of resistance exercise with
possible additional benefits of aerobic exercise on inflammatory status. They also highlighted
potential risks of detraining and also suggested that all protein supplements provided benefit in
their analysis of 13 studies. Individual supplements are perhaps more commonly considered and
the association of specific supplements with muscle health is outlined below.

2.2 Specific Supplements
2.2.1 Creatine

Creatine, a naturally occurring substance obtained from exogenous sources (red meat, seafood)
or endogenous synthesis, is indirectly involved in regeneration of adenosine triphosphate (ATP) and
sustains muscular contraction during bursts of activity. Creatine has been extensively researched as
a possible therapy for sarcopenia [38]. It can influence ATP resynthesis, as well as calcium flux,
inflammation and oxidative stress, among other potential mechanisms. Creatine supplementation
has been shown to increase muscle cross-sectional area and strength, particularly when combined
with resistance exercise [38-40]. Several systematic reviews and meta-analyses have been
undertaken to summarise the available literature, all of which have been broadly positive. These
have typically been undertaken as two assessments - the value of creatine in combination with
resistance training, or as a supplement alone. Firstly, creatine supplementation in combination with
resistance exercise training has been shown to be beneficial for muscle mass and functional
performance in older adults [39, 41, 42]. A recent meta-analysis performed in 2021 by Forbes and
colleagues [43] suggested that any dose of creatine in combination with resistance exercise training
increased lean mass, chest-press and leg-press strength compared with resistance training alone.
Further sub-analyses suggested that a creatine loading phase (>20 g/day for first 5-7 days) produced
superior improvements and that taking creatine on exercise days was beneficial compared with
taking placebo on exercise days. The impact of creatine in combination with whey protein and
resistance exercise has also been researched. In general, there has been limited evidence for
additional benefit of combined supplementation, but the complexities of different loading patterns
and dosages, study populations and outcome measures make it hard to give definitive guidance [38].

2.2.2 Leucine and Its Derivatives

Leucine is an essential amino acid and has been studied extensively in for its effects on skeletal
muscle mass and strength. Earlier studies of leucine supplementation did not show benefit. For
example, a systematic review and meta-analysis of 16 studies comprising 999 participants [44]
explored the effect of leucine supplementation compared to control groups who did not receive
leucine. Although leucine increased lean body mass in older persons risk of sarcopenia, it did not
increase muscle strength. A recent systematic review considered the benefits of leucine
supplementation to muscle health in older adults who are already suffering the effects of muscle
ageing [45]. It considered intervention studies in adults >60 years with a history of sarcopenia and
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identified 3 studies where leucine supplementation was considered alone; one in combination with
exercise; 7 studies that considered leucine and another supplement and 12 that considered leucine,
another supplement in combination with exercise. Overall, the systematic review highlighted the
combination of leucine with supplements (especially leucine-enriched protein supplements) with or
without exercise as the most promising combination. However, as is commonly the case, the
heterogeneity of study design makes it hard to provide definitive guidance. Another systematic
review identified a total of 17 RCTs enrolling 1418 subjects [46]. Leucine-isolated supplementation
showed no effect on total lean mass, grip strength or leg press but leucine-combined
supplementation including vitamin D showed a significant improvement in grip strength.
Participants included in these studies were older adults with or without a diagnosis of sarcopenia,
which may impact public health messaging and clinical recommendations. The synergistic effect
with vitamin D was also seen in another meta-analysis of 17 RCTs comprising 1418 older participants
with sarcopenia related measures by Guo et al. [47]. Although leucine-isolated supplementation did
not improve muscle mass and strength in older people, leucine administration combined with
vitamin D was associated with better hand grip strength and gait speed in older adults. In terms of
providing an overview of the benefits of leucine supplementation, as well as a combination
approach of protein supplementation and exercise, an umbrella review of 15 systematic reviews
and meta-analyses suggested leucine consumption was associated with better overall muscle mass
in older people with sarcopenia and that the effects of resistance training on both muscle mass and
strength are augmented by protein supplementation [48].

As a derivate of leucine, B-hydroxy-B-methylbutyrate (HMB) has been suggested to increase or
mitigate the loss of skeletal muscle and improve muscle function. Phillips and colleagues conducted
an umbrella review of systematic reviews of HMB supplementation that considered muscle
outcomes [49]. They identified 15 systematic reviews that met their inclusion criteria,
demonstrating the wealth of literature in this area. Five of 15 studies found some evidence that
HMB increased lean soft tissue mass (measured using DXA); the remaining 10 studies reported some
evidence favouring no difference (6/10 studies) or insufficient evidence to determine an effect (4/10
studies). Of the 12 studies that considered muscle strength, the findings were very mixed. No study
reported a positive effect of HMB on physical function. In addition, the majority of studies could not
provide sufficient evidence to generate a recommendation. Taken together, this review suggests
that while benefits of supplementation to muscle may be present, these are modest in the absence
of resistance exercise.

2.2.3 Whey Protein

Kuo and colleagues investigated the benefits of whey protein on muscle health with or without
resistance exercise in women aged 55 years and above [50]. They identified 14 studies that they
included in a systematic review and 10 studies that they included in a meta-analysis. Once again,
the importance of resistance exercise was highlighted. In the group that also included exercise,
whey protein supplementation was associated with significant improvements in lower limb lean-
mass. The benefits of combining whey protein supplementation and resistance training were
confirmed in a recent systematic review and meta-analysis of 30 studies, comprising 2105
participants aged 60 and over where the combination improved lower body strength but no effect
on hand grip strength or physical performance [51].
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Potential mechanism of action for whey and soy protein supplementation was considered in a
systematic review and meta-analysis undertaken by Prokopidis and colleagues [52]. They identified
31 RCTs that met their inclusion criteria, reporting a significant reduction in circulating IL-6 levels
following whey protein supplementation as well as lower TNF-a levels following soy protein
supplementation. The addition of soy isoflavones was associated with a further decline in circulating
TNF-a levels.

2.2.4 Combination Supplementation

In addition to the studies reported above, a separate oral nutritional supplementation regime
consisting of a whey-protein-based, leucine- and vitamin D-enriched formula was considered by
Cereda and colleagues [53]. In their systematic review, they identified 10 articles providing efficacy
data from eight trials suggesting benefits with or without accompanying resistance exercise in
different clinical settings suggesting that this combination may provide an optimal recipe for
treating sarcopenia. This was confirmed in a recent scoping review of 11 studies experimenting with
whey protein and leucine enriched multi-nutrient formulas high in vitamin D3 with or without
combining exercise rehabilitation on measures of sarcopenia in older adults aged 66-86 years.
Nutritional interventions appeared to improve body composition, lean mass and physical function
with or without exercise in older adults recovering from sarcopenia [54].

2.2.5 Probiotics

It has been suggested that the composition of gut microbiota may impact on skeletal muscle, and
may play a part in the development of sarcopenia [55]. Signals generated through interactions
within the gut microbiome (microbial metabolites, gut peptides, lipopolysaccharides, and
interleukins) regulate muscle functionality through modulation of systemic/tissue inflammation and
insulin sensitivity. A recent systematic review and meta-analysis explored the impact of probiotic
supplementation on muscle mass, total lean mass and muscle strength [55]. The authors included
24 randomised controlled trials. The study’s main analysis reported that muscle mass was improved
following probiotics compared with placebo, though no benefits were identified regarding total lean
mass. A significant increase in global muscle strength was also observed among six randomised
controlled trials. Overall, it appears that there may be some benefits on skeletal muscle health
through probiotic supplementation, but further work is required in this area.

2.2.6 Real World Examples

Much of the literature available considers the benefits of protein supplementation and resistance
exercise in a ‘healthier’ older population. In a study by S.de Azevedo Bach and colleagues [56],
researchers randomised 31 older adults aged 60-80 years to either whey-protein (20g with breakfast
and dinner) or to placebo/maltodextrin. Both groups underwent supervised progressive resistance
training twice a week. In this relatively small study, there was no apparent benefit from
supplementation as well as exercise, with both groups showing improvements in many outcomes,
including muscle mass and the timed up-and-go test.
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2.3 Dietary Patterns

Due to the complex relationships that individual dietary components have on skeletal muscle
health, recent focus has been on varied dietary patterns consisting of fruits, legumes, whole grains,
nuts, fish, lean meat and unsaturated vegetable oils, which are associated with lower all-cause
mortality on older people [57]. There is inconsistent evidence on the role of ‘healthier diets’ on
muscle health in general [58]. However, a widely evaluated dietary pattern is the mediterranean
diet which comprises higher daily intake of vegetables, fruits, cereals, olive oil, fish as well as red
wine consumption in moderate amounts with comparatively lower intakes of red meat, processed
meat, sweets and dairy compared to other diets [59]. Whilst the benefits of the Mediterranean diet
have been extensively documented in relation to cardiovascular disease, cancer and
neurodegenerative disorders [60], few studies have specifically examined the associations between
adherence to the mediterranean diet and sarcopenia. However, in a cross-sectional study on
women, 45 years or older, the mediterranean diet was associated with lower odds of sarcopenia
when compared with a western diet (high in processed foods, sugar, solid fat, and fast food) [61].
Sarcopenia is a core component of physical frailty and there have been studies showing the
beneficial effects of the mediterranean diet on frailty. For example, Bollwein et al. [62] found that
in adults aged >75 years greater compliance with the mediterranean diet was associated with a
significantly reduced prevalence of frailty. Similar findings were observed in community-dwelling
adults aged >65 years after 6-year follow-up where compliance to the mediterranean diet was
associated with a lower risk of developing frailty [63]. A meta-analysis of four observational studies
found that greater adherence to the mediterranean diet was significantly associated with a reduced
risk of frailty (OR = 0.44, 95% Cl = 0.31-0.64, P < 0.001, for a mediterranean diet score of 6-9 [64].

3. Conclusions

Sarcopenia is a growing public health problem in a rapidly ageing population. However, a
lifecourse approach focusing on interventions in adolescence and adulthood to maximise peak gain
in muscle function, and in later life to slow the decline in muscle function is gathering importance.
This can be achieved through multimodal approaches combining resistance exercise and nutritional
supplementation with a focus on enhancing the amount, frequency and variety of dietary protein,
vitamin D and antioxidative nutrients. Although this approach appears to represent a cornerstone
of therapy for sarcopenia more well conducted research studies urgently required [65].

Acknowledgments

HPP and FL are supported by the NIHR Southampton Biomedical Research Centre, Nutrition, and
the University of Southampton. This report is independent research, and the views expressed in this
publication are those of the authors and not necessarily those of the NHS, the NIHR or the
Department of Health. These funding bodies had no role in writing of the manuscript or decision to
submit for publication. For the purpose of Open Access, the author has applied a Creative Commons
Attribution (CC BY) licence to any Author Accepted Manuscript version arising from this submission.

Page 9/14



OBM Geriatrics 2025; 9(1), doi:10.21926/obm.geriatr.2501296

Author Contributions

All authors made substantial contributions to the conception of this review and have approved

the submitted version.

Competing Interests

Harnish P Patel has received lecture fees from Abbott, Pfizer, and HC-UK conferences outside of

the submitted work. Faidra Laskou declares no conflicts of interest. Elaine Dennison has received
speaker and consultancy fees from Viatris, UCB and Pfizer, not related to the material reviewed here.

References

10.

11.

12.

United Nations. World Population Ageing 2020 Highlights: Living arrangements of older persons
[Internet]. New York, NY: United Nations; 2020. Available from:
https://www.un.org/development/desa/pd/sites/www.un.org.development.desa.pd/files/un
desa pd-2020 world population ageing highlights.pdf.

Rosenberg IH. Sarcopenia: Origins and clinical relevance. Clin Geriatr Med. 2011; 27: 337-339.
Cruz-Jentoft AJ, Bahat G, Bauer J, Boirie Y, Bruyére O, Cederholm T, et al. Sarcopenia: Revised
European consensus on definition and diagnosis. Age Ageing. 2019; 48: 16-31.

Laskou F, Fuggle NR, Patel HP, Jameson K, Cooper C, Dennison E. Associations of osteoporosis
and sarcopenia with frailty and multimorbidity among participants of the Hertfordshire cohort
study. J Cachexia Sarcopenia Muscle. 2022; 13: 220-229.

Oliveira A, Vaz C. The role of sarcopenia in the risk of osteoporotic hip fracture. Clin Rheumatol.
2015; 34: 1673-1680.

Janssen |, Shepard DS, Katzmarzyk PT, Roubenoff R. The healthcare costs of sarcopenia in the
United States. ] Am Geriatr Soc. 2004; 52: 80-85.

Pinedo-Villanueva R, Westbury LD, Syddall HE, Sanchez-Santos MT, Dennison EM, Robinson SM,
et al. Health care costs associated with muscle weakness: A UK population-based estimate.
Calcif Tissue Int. 2019; 104: 137-144.

Sayer AA, Syddall H, Martin H, Patel H, Baylis D, Cooper C. The developmental origins of
sarcopenia. J Nutr Health Aging. 2008; 12: 427-432.

Patel HP, Jameson KA, Syddall HE, Martin HJ, Stewart CE, Cooper C, et al. Developmental
influences, muscle morphology, and sarcopenia in community-dwelling older men. J Gerontol
A Biol Sci Med Sci. 2012; 67: 82-87.

Cawthon PM, Manini T, Patel SM, Newman A, Travison T, Kiel DP, et al. Putative cut-points in
sarcopenia components and incident adverse health outcomes: An SDOC analysis. J Am Geriatr
Soc. 2020; 68: 1429-1437.

Chen LK, Woo J, Assantachai P, Auyeung TW, Chou MY, lijima K, et al. Asian working group for
sarcopenia: 2019 consensus update on sarcopenia diagnosis and treatment. J Am Med Dir Assoc.
2020; 21: 300-307.e2.

Studenski SA, Peters KW, Alley DE, Cawthon PM, McLean RR, Harris TB, et al. The FNIH
sarcopenia project: Rationale, study description, conference recommendations, and final
estimates. J Gerontol A Biol Sci Med Sci. 2014; 69: 547-558.

Page 10/14


https://www.un.org/development/desa/pd/sites/www.un.org.development.desa.pd/files/undesa_pd-2020_world_population_ageing_highlights.pdf
https://www.un.org/development/desa/pd/sites/www.un.org.development.desa.pd/files/undesa_pd-2020_world_population_ageing_highlights.pdf

OBM Geriatrics 2025; 9(1), doi:10.21926/obm.geriatr.2501296

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Kirk B, Cawthon PM, Arai H, Avila-Funes JA, Barazzoni R, Bhasin S, et al. The conceptual
definition of sarcopenia: Delphi consensus from the global leadership initiative in sarcopenia
(GLIS). Age Ageing. 2024; 53: afae052.

Alonso N, Meinitzer A, Fritz-Petrin E, Enko D, Herrmann M. Role of vitamin K in bone and muscle
metabolism. Calcif Tissue Int. 2023; 112: 178-196.

Gunton JE, Girgis CM. Vitamin D and muscle. Bone Rep. 2018; 8: 163-167.

Huo YR, Suriyaarachchi P, Gomez F, Curcio CL, Boersma D, Muir SW, et al. Phenotype of
osteosarcopenia in older individuals with a history of falling. J Am Med Dir Assoc. 2015; 16: 290-
295.

Lee SG, Lee YH, Kim KJ, Lee W, Kwon OH, Kim JH. Additive association of vitamin D insufficiency
and sarcopenia with low femoral bone mineral density in noninstitutionalized elderly
population: The Korea national health and nutrition examination surveys 2009-2010.
Osteoporos Int. 2013; 24: 2789-2799.

Szulc P, Duboeuf F, Marchand F, Delmas PD. Hormonal and lifestyle determinants of
appendicular skeletal muscle mass in men: The MINOS study. Am J Clin Nutr. 2004; 80: 496-503.
Wang H, Huang WY, Zhao Y. Efficacy of exercise on muscle function and physical performance
in older adults with sarcopenia: An updated systematic review and meta-analysis. Int J Environ
Res Public Health. 2022; 19: 8212.

Hurst C, Robinson SM, Witham MD, Dodds RM, Granic A, Buckland C, et al. Resistance exercise
as a treatment for sarcopenia: Prescription and delivery. Age Ageing. 2022; 51: afac003.
Beaudart C, Dawson A, Shaw SC, Harvey NC, Kanis JA, Binkley N, et al. Nutrition and physical
activity in the prevention and treatment of sarcopenia: Systematic review. Osteoporos Int. 2017;
28:1817-1833.

Daly RM, Gianoudis J, Kersh ME, Bailey CA, Ebeling PR, Krug R, et al. Effects of a 12-month
supervised, community-based, multimodal exercise program followed by a 6-month research-
to-practice transition on bone mineral density, trabecular microarchitecture, and physical
function in older adults: A randomized controlled trial. ) Bone Miner Res. 2020; 35: 419-429.
Kirk B, Mooney K, Cousins R, Angell P, Jackson M, Pugh JN, et al. Effects of exercise and whey
protein on muscle mass, fat mass, myoelectrical muscle fatigue and health-related quality of
life in older adults: A secondary analysis of the Liverpool Hope University--Sarcopenia Ageing
Trial (LHU-SAT). Eur J Appl Physiol. 2020; 120: 493-503.

Hamaguchi K, Kurihara T, Fujimoto M, lemitsu M, Sato K, Hamaoka T, et al. The effects of low-
repetition and light-load power training on bone mineral density in postmenopausal women
with sarcopenia: A pilot study. BMC Geriatr. 2017; 17: 102.

Campbell WW, Trappe TA, Wolfe RR, Evans WJ. The recommended dietary allowance for
protein may not be adequate for older people to maintain skeletal muscle. J Gerontol A Biol Sci
Med Sci. 2001; 56: M373-M380.

Zhou HH, Liao Y, Zhou X, Peng Z, Xu S, Shi S, et al. Effects of timing and types of protein
supplementation on improving muscle mass, strength, and physical performance in adults
undergoing resistance training: A network meta-analysis. Int J Sport Nutr Exerc Metab. 2023;
34: 54-64.

Hernandez-Lepe MA, Miranda-Gil MI, Valbuena-Gregorio E, Olivas-Aguirre FJ. Exercise
programs combined with diet supplementation improve body composition and physical
function in older adults with sarcopenia: A systematic review. Nutrients. 2023; 15: 1998.

Page 11/14



OBM Geriatrics 2025; 9(1), doi:10.21926/obm.geriatr.2501296

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Li Z, Cui M, Yu K, Zhang XW, Li CW, Nie XD, et al. Effects of nutrition supplementation and
physical exercise on muscle mass, muscle strength and fat mass among sarcopenic elderly: A
randomized controlled trial. Appl Physiol Nutr Metab. 2021; 46: 494-500.

Mertz KH, Reitelseder S, Bechshoeft R, Bulow J, Hgjfeldt G, Jensen M, et al. The effect of daily
protein supplementation, with or without resistance training for 1 year, on muscle size,
strength, and function in healthy older adults: A randomized controlled trial. Am J Clin Nutr.
2021; 113: 790-800.

Verdijk LB. Nutritional supplementation to enhance the efficacy of exercise training in older
adults: What is the evidence from the latest randomized controlled trials? Curr Opin Clin Nutr
Metab Care. 2021; 24: 504-510.

Mendonca N, Hengeveld LM, Visser M, Presse N, Canhdo H, Simonsick EM, et al. Low protein
intake, physical activity, and physical function in European and North American community-
dwelling older adults: A pooled analysis of four longitudinal aging cohorts. Am J Clin Nutr. 2021;
114:29-41.

Bauer J, Biolo G, Cederholm T, Cesari M, Cruz-lentoft AJ, Morley JE, et al. Evidence-based
recommendations for optimal dietary protein intake in older people: A position paper from the
PROT-AGE Study Group. J Am Med Dir Assoc. 2013; 14: 542-559.

Traylor DA, Gorissen SH, Phillips SM. Perspective: Protein requirements and optimal intakes in
aging: Are we ready to recommend more than the recommended daily allowance? Adv Nutr.
2018;9: 171-182.

Morton RW, Murphy KT, McKellar SR, Schoenfeld BJ, Henselmans M, Helms E, et al. A systematic
review, meta-analysis and meta-regression of the effect of protein supplementation on
resistance training-induced gains in muscle mass and strength in healthy adults. Br J Sports Med.
2018; 52: 376-384.

Bischoff-Ferrari HA, Dawson-Hughes B, Stocklin E, Sidelnikov E, Willett WC, Edel JO, et al. Oral
supplementation with 25(0OH)Ds3 versus vitamin Ds: Effects on 25(0OH)D levels, lower extremity
function, blood pressure, and markers of innate immunity. J Bone Miner Res. 2012; 27: 160-
169.

lolascon G, Moretti A, de Sire A, Calafiore D, Gimigliano F. Effectiveness of calcifediol in
improving muscle function in post-menopausal women: A prospective cohort study. Adv Ther.
2017; 34: 744-752.

Carcelén-Fraile MD, Lorenzo-Nocino MF, Afanador-Restrepo DF, Rodriguez-Lopez C, Aibar-
Almazan A, Hita-Contreras F, et al. Effects of different intervention combined with resistance
training on musculoskeletal health in older male adults with sarcopenia: A systematic review.
Front Public Health. 2023; 10: 1037464.

Candow DG, Chilibeck PD, Forbes SC, Fairman CM, Gualano B, Roschel H. Creatine
supplementation for older adults: Focus on sarcopenia, osteoporosis, frailty and Cachexia. Bone.
2022; 162: 116467.

Candow DG, Chilibeck PD, Forbes SC. Creatine supplementation and aging musculoskeletal
health. Endocrine. 2014; 45: 354-361.

Candow DG, Vogt E, Johannsmeyer S, Forbes SC, Farthing JP. Strategic creatine
supplementation and resistance training in healthy older adults. Appl Physiol Nutr Metab. 2015;
40: 689-694.

Page 12/14



OBM Geriatrics 2025; 9(1), doi:10.21926/obm.geriatr.2501296

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Chilibeck PD, Kaviani M, Candow DG, Zello GA. Effect of creatine supplementation during
resistance training on lean tissue mass and muscular strength in older adults: A meta-analysis.
Open Access J Sports Med. 2017; 8: 213-226.

Devries MC, Phillips SM. Creatine supplementation during resistance training in older adults-a
meta-analysis. Med Sci Sports Exerc. 2014; 46: 1194-1203.

Forbes SC, Candow DG, Ostojic SM, Roberts MD, Chilibeck PD. Meta-analysis examining the
importance of creatine ingestion strategies on lean tissue mass and strength in older adults.
Nutrients. 2021; 13: 1912.

Komar B, Schwingshackl L, Hoffmann G. Effects of leucine-rich protein supplements on
anthropometric parameter and muscle strength in the elderly: A systematic review and meta-
analysis. J Nutr Health Aging. 2015; 19: 437-446.

Maldonado EC, Marqués-Jiménez D, Casas-Agustench P, Bach-Faig A. Effect of supplementation
with leucine alone, with other nutrients or with physical exercise in older people with
sarcopenia: A systematic review. Endocrinol Diabetes Nutr. 2022; 69: 601-613.

Oh GS, Lee JH, Byun K, Kim DI, Park KD. Effect of intake of leucine-rich protein supplement in
parallel with resistance exercise on the body composition and function of healthy adults.
Nutrients. 2022; 14: 4501.

Guo Y, Fu X, Hu Q, Chen L, Zuo H. The effect of leucine supplementation on sarcopenia-related
measures in older adults: A systematic review and meta-analysis of 17 randomized controlled
trials. Front Nutr. 2022; 9: 929891.

Gielen E, Beckwée D, Delaere A, De Breucker S, Vandewoude M, Bautmans |. Nutritional
interventions to improve muscle mass, muscle strength, and physical performance in older
people: An umbrella review of systematic reviews and meta-analyses. Nutr Rev. 2021; 79: 121-
147.

Phillips SM, Lau KJ, D'Souza AC, Nunes EA. An umbrella review of systematic reviews of B-
hydroxy-B-methyl butyrate supplementation in ageing and clinical practice. J Cachexia
Sarcopenia Muscle. 2022; 13: 2265-2275.

Kuo YY, Chang HY, Huang YC, Liu CW. Effect of whey protein supplementation in
postmenopausal women: A systematic review and meta-analysis. Nutrients. 2022; 14: 4210.
Al-Rawhani AH, Adznam SN, Zaid ZA, Yusop NB, Sallehuddin HM, Alshawsh MA. Effectiveness
of whey protein supplementation on muscle strength and physical performance of older adults:
A systematic review and meta-analysis of randomized clinical trials. Clin Nutr. 2024; 43: 2412-
2426.

Prokopidis K, Mazidi M, Sankaranarayanan R, Tajik B, McArdle A, Isanejad M. Effects of whey
and soy protein supplementation on inflammatory cytokines in older adults: A systematic
review and meta-analysis. Br J Nutr. 2023; 129: 759-770.

Cereda E, Pisati R, Rondanelli M, Caccialanza R. Whey protein, leucine-and vitamin-D-enriched
oral nutritional supplementation for the treatment of sarcopenia. Nutrients. 2022; 14: 1524.
Traylor DA, Nunes EA, Lees M, Plucinski MJ, Vondrasek M, Phillips SM. Unveiling the potential
of a whey protein-and leucine-enriched multi-nutrient formula high in vitamin D3: A scoping
review on its role in enhancing body composition, strength, and physical function in sarcopenia.
Arch Gerontol Geriatr. 2024; 1: 100058.

Page 13/14



OBM Geriatrics 2025; 9(1), doi:10.21926/obm.geriatr.2501296

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Prokopidis K, Giannos P, Kirwan R, Ispoglou T, Galli F, Witard OC, et al. Impact of probiotics on
muscle mass, muscle strength and lean mass: A systematic review and meta-analysis of
randomized controlled trials. J Cachexia Sarcopenia Muscle. 2023; 14: 30-44.

de Azevedo Bach S, Radaelli R, Schemes MB, Neske R, Garbelotto C, Roschel H, et al. Can
supplemental protein to low-protein containing meals superimpose on resistance-training
muscle adaptations in older adults? A randomized clinical trial. Exp Gerontol. 2022; 162: 111760.
English LK, Ard JD, Bailey RL, Bates M, Bazzano LA, Boushey CJ, et al. Evaluation of dietary
patterns and all-cause mortality: A systematic review. JAMA Netw Open. 2021; 4: e2122277.
Bloom I, Shand C, Cooper C, Robinson S, Baird J. Diet quality and sarcopenia in older adults: A
systematic review. Nutrients. 2018; 10: 308.

Davis C, Bryan J, Hodgson J, Murphy K. Definition of the mediterranean diet: A literature review.
Nutrients. 2015; 7: 9139-9153.

Sofi F, Abbate R, Gensini GF, Casini A. Accruing evidence on benefits of adherence to the
mediterranean diet on health: An updated systematic review and meta-analysis. AmJ Clin Nutr.
2010; 92: 1189-1196.

Mohseni R, Aliakbar S, Abdollahi A, Yekaninejad MS, Maghbooli Z, Mirzaei K. Relationship
between major dietary patterns and sarcopenia among menopausal women. Aging Clin Exp Res.
2017; 29: 1241-1248.

Bollwein J, Diekmann R, Kaiser MJ, Bauer JM, Uter W, Sieber CC, et al. Dietary quality is related
to frailty in community-dwelling older adults. J Gerontol A Biol Sci Med Sci. 2013; 68: 483-489.
Talegawkar SA, Bandinelli S, Bandeen-Roche K, Chen P, Milaneschi Y, Tanaka T, et al. A higher
adherence to a mediterranean-style diet is inversely associated with the development of frailty
in community-dwelling elderly men and women. J Nutr. 2012; 142: 2161-2166.

Kojima G, Avgerinou C, lliffe S, Walters K. Adherence to mediterranean diet reduces incident
frailty risk: Systematic review and meta-analysis. J Am Geriatr Soc. 2018; 66: 783-788.
Cruz-Jentoft AJ, Hughes BD, Scott D, Sanders KM, Rizzoli R. Nutritional strategies for maintaining
muscle mass and strength from middle age to later life: A narrative review. Maturitas. 2020;
132: 57-64.

Page 14/14



